Abstract. The aim of this research work has been the estimation of the stochastic risk for five barium examinations. The sample was the population attending the Radiological Service of the 'Nuestra Señora de la Victoria' University Hospital, who had been treated with some barium examinations, set in five different groups: oesophagus tract, oesophagus-gastric-duodenal tract, intestinal tract, enteroclysis and double enema.
Introduction
The radiological hazards associated with medical exposure are difficult to assess due to the nonuniform distribution within the body of the organs that are sensitive to harmful radiation effects and to the non-uniform dose distribution that occurs during x-ray examinations, since they generally involve a series of partial body exposures with low-penetrating radiation (Faulkner et al 1986) .
The precise determination of the effective dose requires knowledge of the doses to 12 organs with specified weighting factors and to 10 other organs (ICRP 1991) . Such a calculation is unlikely to be carried out routinely in a radiology department. However, given appropriate conversion coefficients, estimates of effective dose can be made from quantities that can easily be measured in an x-ray room .
The quantities used in assessments of dose and risk may be divided into two categories: individual dosimetric quantities and collective quantities. The individual quantities are used in assessments of dose from one or more sources to an individual and in comparisons with dose limits, constraints and investigation levels. Collective quantities are derived from primary dosimetric quantities. Collective quantities are generally used in source-related assessments, where the aim is to determine the impact of a particular source on the population, rather than on individuals (UNSCEAR 1993) .
ICRP (ICRP 1991) distinguishes between two types of health effect: deterministic and stochastic.
If a sufficient number of irradiated cells are killed or prevented from reproducing and functioning normally then there will be an observable effect, reflecting a loss of tissue function. The probability of causing such an effect will be zero at small doses, but above some level of dose (the threshold) will increase steeply to unity (100%). This type of effect is now termed deterministic (previously known as non-stochastic).
The other type of effect is termed stochastic. These effects may occur when the irradiated cell is modified rather than killed. In an exposed individual these modified cells may result in the manifestation of malignant conditions (cancers) . If the damage occurs in a germ cell hereditary effects may arise in the progeny of the exposed person. These effects are of many different kinds and severities. A general assumption is made that over a limited range of dose there is a simple proportional relationship between dose and probability of effect which implies that stochastic effects can never be eliminated; their occurrence can only be minimized. At levels of dose and dose rate normally encountered from controlled sources, deterministic effects are very unlikely to occur. As a result protection measures are generally aimed at reducing the probability of stochastic effects, and the definition of radiological protection quantities reflects this priority.
In order to quantify the health effects of radiation, ICRP has used the terms harm and detriment. Harm is used to denote clinically observable, deleterious effects that are expressed in individuals (somatic effects) or their descendants (hereditary effects). Detriment is a complex concept combining the probability, severity and time of expression of harm.
There are few publications about the stochastic risk estimate in this type of examination. In Spain, there are only published papers by the Research Group of Medical Physics of Madrid (Vaño et al 1989 . In the international field the situation is quite similar, because of the scarcity of scientific publications and the great diversity of methodologies and equipment used to estimate the patient radiation dose. Broadhead and co-workers employed a large-area ionizing chamber either with conventional or digital equipment for the estimation of the dose-area product. Chapple and co-workers and used phantoms to determine the dose-area product, obtaining a rather low value in comparison with other research using a large-area ionizing chamber with real patients (Shrimpton et al 1986) . Thoeni and Gould (1991) estimated the entrance surface dose with five TLD-100 in the patient surface to irradiate.
The purpose of this research has been the estimation of the stochastic population risk from barium radiological examinations. The Research Group on Radiological Protection of the University of Malaga (Spain) performed this work in the 'Nuestra Señora Virgen de la Victoria' University Hospital.
Materials and methods
This work has been done with data collected during 1996 in the Unit of Digestive Radiology of the 'Nuestra Señora Virgen de la Victoria' University Hospital of Malaga (Andalusia, Spain). 175 examinations (in 175 patients) were made: 38 oesophagus tract, 35 oesophagus-gastricduodenal tract, 27 intestinal tract, 33 enteroclysis and 42 double enemas.
1639 patients were examined during 1996 in the aforementioned Unit of Digestive Radiology: 272 oesophagus tract, 391 oesophagus-gastric-duodenal tract, 265 intestinal tract, 280 enteroclysis and 431 double enemas. The sample of barium examinations analysed in this work (175 patients) represents 10.7% of the total annual digestive examinations. The x-ray equipment used was the Diagnost 90/S model (Philips Medical Systems, Netherlands). Its generator is a three phase X-12 type with a maximum voltage tension of 150 kV. The image intensifier is 15 cm under the examination table, and it has a circular field of 9 in. In the image intensifier surface, the dose rate was 60 ± 10 µR s −1 . The technique that has been used corresponds to a screen-film type, with a Curix Agfa cassette, Curix Special Agfa screen, Curix RP2 Agfa film and a film-screen relative speed of 200 (80 kV).
The equipment was checked by the Radiological Protection Unit of the 'Nuestra Señora Virgen de la Victoria' University Hospital using a radiation output evaluator, model NERO 4000 M+ (Victoreen, Cleveland, Ohio), which has been previously calibrated by the National Institute of Standards and Technology (Gaithersburg, MD).
The dose-area product was determined using a Diamentor M2 transmission chamber (PTW, Freiburg, Germany) fitted to an x-ray tube light-beam diaphragm.
The total filtration of the x-ray was equivalent to 3 mm Al, including the beam filtration of the tube and the one added by the transmission chamber. This x-ray equipment presents a 2.5-3.6 mm half-value layer for 70-100 kV.
The calculation of the organ dose and the effective dose has been made taking into account the applicable projections to barium examinations, contained in NRPB Report R-262 .
From the dose-area product the organ and effective dose can be obtained with the EffDose v.1.02 software. This is a free calculation program developed by the National Board of Health, pertaining to the National Institute of Radiation Hygiene of Denmark (Bronshoj, Denmark) . This software estimates the organ dose and effective dose with the weighting factors proposed in NRPB Report R-262 and as was suggested in ICRP 60 (ICRP 1991) . Table 1 shows the characteristics of the patients, the technical parameters selected by the radiologist of the Digestive Radiology Unit, the dose-area product and the effective dose when the different types of barium examination were analysed.
In this work, we have made an estimation of the genetically significant dose, somatically significant dose, collective effective dose, 'per capita' annual effective dose and detriment in a population made up of adults living in Malaga City during 1996. These patients attended the Digestive Radiology Unit of the Radiology Department in the University Hospital of Malaga (Andalusia, Spain). The paediatric population (less than 15 years old) is treated in the 'MaternoInfantil' Hospital, so this is the reason why they are not included in this research work. The age distribution of Malaga City population (SIA 1997), with a total of 605 410 inhabitants, is shown in figure 1 . This population has been classified by age and sex groups (intervals of five years, male and female).
The genetically significant dose (GSD) depends on the organ dose received in the gonads and on the expected number of children ('child expectancy') of the exposed population. That is defined by the United National Scientific Committee on the Effects of Atomic Radiation (UNSCEAR 1972) as 'the dose that, if received by every member of the population, would be expected to produce the same total genetic injury to the population as do the actual doses received by the various individuals'. The mathematical definition is given by
k N k P k where D jk is the average gonad dose of a population subgroup of age and sex class k, containing N jk individuals, subjected to class j , P jk is the future number of children expected by an exposed person, subjected to class j , N k is the total number of people in the whole population with k class age and sex and P k is the future number of children expected for a person with k class age and sex.
It is necessary to calculate the child expectancy of the population under study, classifying it by making groups of age and sex. This parameter, the child expectancy, can be calculated from the specific birth rate and the abridged current life:
(a) The specific birth rate is defined as the number of births divided by the number of individuals for each group of age and sex. (b) The abridged current life for a cohort of 100 000 inhabitants is the number of individuals that reach a given age (SIA 1997).
The Digestive Radiology Unit of the 'Nuestra Señora Virgen de la Victoria' University Hospital has provided the age and sex data for the patients, and the Statistics Institute of Andalusia (Seville, Spain) (SIA 1997) has provided the data about the specific birth rate (paternity and maternity) and the abridged current life.
The child expectancy for a group of individuals of a given age is defined as the sum of the products of the number of survivors and the specific birth-rate (maternity and paternity) for the person of this age (Taylor 1980) . If a cohort of N individuals of a given sex belonging to an age band A is considered, the number of children expected by the cohort when band B is reached will be
where R is the specific birth rate (maternity/paternity) per year for the individuals of band B during Y years and M is the number of survivors of the cohort that have reached age B. Therefore, the child expectancy for an individual belonging to age band A when he/she reaches age band B is
Moreover, it is necessary to know the number of survivors of a cohort of N individuals belonging to a given age band. These data are calculated as the average of the survivors between the two age limits of these bands. The total child expectancy for people belonging to an age band is equal to half the child expectancy of their own band plus the child expectancy corresponding to next age bands.
To evaluate the somatically significant dose (SSD) it is necessary to consider the specific sensitivity of each organ to the ionizing radiation. This quantity is defined as 'the dose in each member of a population that would produce the same number of fatal cancers that the dose in the individuals irradiated in this population'. Wall (1987) established its mathematical definition
where the variables are s the organ or tissue, k the subgroup of age and sex, j the type of procedure, D the average organ dose, E the life expectancy, N the number of patients per group of age and sex and p the weighting factor to express the risk per organ or tissue. The life expectancy (tables 2(a) and 2(b)) gives the number of years that elapse from a given moment until death (NSIS 1992) .
The collective effective dose represents a measure of the total consequences of the exposure of a population group to a radiation source. In general, the collective dose received by the population consists of a wide distribution of individual doses (NCRP 1995 (NCRP , 1997 . This quantity is defined by the International Energy Atomic Agency (IAEA 1986) , for a population made up of P individuals, as
where H Ei is the average effective dose and P i the number of individuals of the sample belonging to the subgroup i that receive the effective dose. The measurement unit is personSv. In order to obtain an independent quantity from the sample size i, S E is divided by the total number of people in the population, P , to whom the subgroup i belongs. This quantity is called the annual per capita effective dose:
Finally, the quantification of the radiation dose received by a patient does not evaluate the total damage that the ionizing radiation produces. The result of a possible injury as a consequence of the ionizing radiation has been expressed (ICRP 1991 , Wall et al 1988 as detriment (G) or health lost. This quantity measures the total damage that would be experienced by a group of people exposed to radiation.
Detriment is defined as
where r T is the incidence, per unit dose, of a harmful health effect in the tissue T ; s T is the weighting factor that expresses the severity of this effect and D T is the average organ dose in the tissue T . This equation is useful for calculating the detriment generated from a single x-ray examination. However, the detriment originating from complex procedures must be evaluated taking into account the coefficients recommended by ICRP-60. Their figures are shown in table 3.
Results
In the calibration of the Philips Medical Systems equipment throughout the period of this research, the maximum coefficients of variation obtained in the parameters of reproducibility, linearity of the x-ray tube output and efficiency of the kV were less than 5%. The dose estimated from the exposures measured with the radiation output evaluator was compared from the transmission chamber dose-area product. The maximum coefficient of error was 5%. Correction factors were applied when necessary.
Tables 2(a) and 2(b) show the data for that part of the population in the health district of Malaga which will be the population sample used as the basis for calculation of the risk before x-ray examination.
Using the expression for genetically significant dose (GSD) given in section 2 and the corresponding values in tables 2(a) and 2(b) for child expectancy and numbers of examinations by sex and age group a value of 6.7 µGy has been obtained for the GSD. Enteroclysis is the examination with the highest percentage contribution to the genetically significant dose (44%). Other examinations that contribute to the final result were the double enemas (31%), the intestinal tracts (20%), and the oesophagus-gastric-duodenal tract (5%). Oesophagus tract examinations do not contribute to the genetically significant dose.
For the estimation of the somatically significant dose (SSD) we need to know the risk factor (P ) and the life expectancy.
The different organs exposed to the radiation in any x-ray procedure are not equally affected, even thought the received radiation dose is the same, because of the specific radiosensitivity of each organ (table 3) . To consider their response we introduce a specific risk factor for each organ. The risk factor values for the different tissues are based on the estimation of the probability of the introduction of a fatal cancer (P ), the probability of nonstochastic damage and the probability of substantial genetic damage transmissible to future generations.
The Statistics Institute of Andalusia (Seville, Spain) proposes a life expectancy for the babies born in 1998 in Malaga City of 80.5 and 73.1 years for women and men respectively.
According to the equation developed to estimate the somatically significant dose and taking into account the aforementioned parameters, an SSD of 8.82 mSv-yr has been obtained.
In order to obtain a measure of the radiation exposure of a population, we may calculate the collective effective dose. The definition of this does not explicitly specify the time during which the dose is being received. So, to make comparisons, we must specify the period of time and the population over which the collective equivalent dose is summed or integrated. The results obtained for the population that obtains treatment at the University Hospital in Malaga, considering the effective dose average values for the different organs in the different examinations, are 16.07 person-Sv for the collective effective dose and 0.03 mSv for the 'per capita' annual effective dose.
The estimation of the detriment due to radiation exposure is based on the nominal values for mortal cancer risk. These values do not have to be considered as exact, because they are variable. Unfortunately, they are still subject to several specific uncertainties and there are many assumptions about them which take into account factors which could change. Nevertheless, ICRP-60 (ICRP 1991) allocates a mortal cancer probability and total detriment quantities relative to the different organs, with the object of estimating of the total detriment for the worker population. So, according to those values and the aforementioned definition, the annual aggregated detriment generated because of these types of examination is 0.33.
Discussion
This research is based on the estimation of the contribution of digestive examinations to the population risk in Malaga City. The EURATOM 97/43 Council Directive, specifically the 12th Article, explains that the member states of the European Union must guarantee the estimation of the resultant individual dose during the above-mentioned medical examinations for the population and significant reference groups of the population, when necessary (ECOB 1997) .
Finally, before we start analysing and comparing our results with other published papers, we have to make a special mention about an important point, namely training for medical applications of ionizing radiation. There must be established training and education programmes, recognized and certified with diplomas and formal qualifications; by such programmes, every person involved in diagnostic radiology and radiological image formation will have the appropriate training and will be fully aware of the knowledge necessary to justify, and to optimize (reducing the patient dose values, without losing the optimum quality of the information requested by the radiologists), any radiological practice.
The contribution of radiological examinations to the genetically significant overall dose depends on the average organ dose supplied to the gonads, on the age of the patient and on the frequency of the specific type of procedure in the whole population. The present work shows that barium oesophagus-gastric-duodenal tract examinations are the most frequent (41.8%), followed by double enemas (32.6%), meaning that both together represent 75% of the examinations performed, with a gonad dose of 2.7 mGy and 27.5 mGy respectively. The contribution to the genetically significant dose by oesophagus tract examination is very low, because of the low frequency of such examinations (5.6%) and its gonadal dose value, 5 × 10 −3 mGy. The contribution of enteroclysis and intestinal tract examination is higher in females because of the large gonadal dose supplied in these studies. In contrast, the organ dose to the gonads in males is only significant in double enema examinations.
Nevertheless, the contribution of the five analysed complex barium examinations to the genetically significant dose is very low, due to their low frequency as well as the average age of the patients who are submitted to these examinations.
The genetically significant dose originating from these examinations is 6.7 µGy, of which 94.85% originates in enteroclysis, intestinal tracts and enemas examinations.
Comparing the contribution of the barium procedure and that of the simple examination, it is observed that the barium examinations analysed in this work represent only 5% of the sample acquired in the same hospital by Perez-Martinez et al (1997) (table 4) . We use this proportion for the quantities obtained by Delgado and co-workers in Madrid.
The somatically significant dose obtained in this work is 8.82 mSv-yr, while the contribution of the simple examinations is only 3.19 mSv-yr (Perez-Martinez et al 1997) .
To complete this value we must take into account other simple and complex examinations, even the contribution to the somatically significant dose of examinations on the part of the population less than 15 years old.
The frequency of barium studies in Spain is 8.2%, which is only exceeded by Canada. In this frequency, there is a contribution to the somatically significant dose for 57.36% of the women, because the number of barium examinations in our work, as in the United Kingdom and in the United States, is higher in women than in men (UNSCEAR 1993) .
The oesophagus-gastric-duodenal tract examination is the procedure making the highest contribution to the somatically significant dose, for men as well as for women, due to its high relative frequency.
The collective effective dose obtained in the population sample of the health district of Malaga, attending the University Hospital, was 16.07 person-Sv. This value is quite similar (12.45 person-Sv) to that obtained by Vaño and co-workers (Vaño et al 1993) .
Another work considering the same population (Perez-Martinez et al 1997) obtained 28.48 person-Sv in five simple examinations: thorax, abdomen, pelvis, lumbar spine and hip.
In a recent NRPB Report, Hart and co-workers (Hart et al 1996) refer to the collective effective dose presented by Hughes and O'Riordan (1993) for a population in the United Kingdom. If both papers are compared, it is noted how there is a reduction in the collective effective dose in complex examinations.
The annual per capita effective dose obtained is 0.03 mSv, which is lower than that obtained by Kaul and co-workers (Kaul et al 1997) , which was 1.9 mSv, which included medical diagnostics and nuclear medicine. This last value seems to indicate an increase due to the use of ionising diagnostic methods, in spite of increasing the use of other alternative diagnostic techniques, such as ultrasound, NMR and endoscopy. The obtained value for the annual per capita effective dose is similar to the one supplied by the simple examination in the Countries of Health Care Level I (Perez-Martinez et al 1997).
The average total effective dose for the five barium examinations analysed in this work tells us about the stochastic effects, which are generated by exposure to radiation. Anyway, we require to adopt a method which allows us to describe quantitatively the probability and the severity of the medical radiation effects.
From the simple examinations achieved in this hospital, Perez-Martinez and co-workers (Perez-Martinez et al 1997) obtained a high correlation between the detriment due to these examinations and their effective dose.
Obviously, if we are able to reduce the radiation dose to the individual, we will be directly reducing the stochastic risk.
Summarizing, we propose that an international protocol of assurance quality control for complex explorations must be established. In this document the common criteria and the methodology for obtaining the reference levels in barium digestive examinations are required. Moreover it would have to take into account the quality of the radiological image (analysing the reasons for rejected images). In Europe, there is a Concerted Action (ECOB 1996) about experiments and controls relating to patient and staff dose measurements in diagnostic radiology.
Of course, in the world protocol, priority must be established in programs of formation (education and training) for resident radiologists, senior radiologists and other specialists related to the area of x-ray.
